There is significant evidence that Th2 (T helper 2)-mediated inflammation supports the pathogenesis of both human and experimental animal models of pulmonary hypertension (PH). A key immune regulator is vascular endothelial growth factor (VEGF), which is produced by Th2 inflammation and can itself contribute to Th2 pulmonary responses. In this study, we interrogated the role of VEGF signaling in a murine model of schistosomiasis-induced PH with a phenotype of significant intrapulmonary Th2 inflammation, vascular remodeling, and elevated right ventricular pressures. We found that VEGF receptor blockade partially suppressed the levels of the Th2 inflammatory cytokines interleukin (IL)-4 and IL-13 in both the lung and the liver after Schistosoma mansoni exposure and suppressed pulmonary vascular remodeling. These findings suggest that VEGF positively contributes to schistosomiasis-induced vascular inflammation and remodeling, and they also provide evidence for a VEGF-dependent signaling pathway necessary for pulmonary vascular remodeling and inflammation in this model.
INTRODUCTION
Despite significant evidence suggesting a role for inflammation in the development of pulmonary hypertension (PH), documentation of a causal role for inflammation in the disease is largely lacking. [1] [2] [3] [4] Potentially suppressed interleukin (IL)-13 signaling has been reported in the lungs of humans with idiopathic pulmonary arterial hypertension (PAH), mice with hypoxia-induced PH, and rats with monocrotaline-induced PH. 5 Alternatively, induction of an adaptive T helper 2 (Th2) immune response in the lungs of mice suffices to cause pulmonary arterial muscularization, while depletion of the Th2 inflammatory cytokine IL-13 significantly attenuates such remodeling. 6 A key immune regulator candidate is vascular endothelial growth factor (VEGF), which can enhance Th2-mediated inflammation and has also been shown to play a critical role in the development of Th2-induced bronchial vascular remodeling. 7, 8 IL-13 can, in turn, increase VEGF production, 9 potentially forming a proinflammatory feed-forward loop.
In contrast to the concept of VEGF inducing inflammation and pulmonary vascular disease in mouse models, pharmacological VEGF receptor (VEGFR) blockade (typically with SU5416 treatment), coupled with chronic hypoxia, results in severe angio-obliterative experimental PH in the rat. 10 Recent evidence indicates that exogenous Th2 inflammation (caused by ovalbumin inhalation) also synergizes with VEGFR blockade to result in severe PH in the rat. 11 However, mice comparably immunized with ova and treated with SU5416 do not develop PH, 12 suggesting differential roles for VEGFR-mediated signaling, in the context of a Th2 inflammatory response, in the mouse compared to the rat.
We have established a mouse model of schistosomiasisinduced PH in which intraperitoneal sensitization with Schistosoma mansoni ova followed by intravenous augmentation with ova results in significant intrapulmonary Th2 inflammation coupled with pulmonary vascular remodeling and ele-vated right ventricular pressures. [13] [14] [15] The role of inflammation in the development of PH in this model is demonstrated by the absence of PH after intravenous eggs alone are administered, without allowing an augmented adaptive immune response following intraperitoneal sensitization. 13 In contrast to other experimental models of pulmonary Th2 vascular responses, this model is highly relevant to the human disease of schistosomiasis-associated PAH caused by chronic infection with the trematode S. mansoni, the thirdmost-prevalent parasitic infection worldwide, which affects more than 200 million people and is one of the most common causes of WHO Group 1 PAH worldwide. [16] [17] [18] [19] [20] In addition, this model provides an ideal setting in which to further investigate potentially differential roles of VEGF signaling in the context of pulmonary Th2-mediated inflammation in the mouse. VEGF may also regulate vascular disease through Rho kinase signaling 21 and could interact with Schistosoma exposure in this regard, as we have previously observed a significant component of Rho kinasemediated vasoconstriction in Schistosoma-induced PH. 14 We thus hypothesized that VEGF signaling contributes to the Th2-mediated inflammatory response associated with Schistosoma-induced PH. We tested this hypothesis by concurrent pharmacologic blockade of the VEGFR, using the VEGFR/tyrosine kinase inhibitor SU5416, in mice also exposed to S. mansoni ova. We found that VEGFR blockade partially suppressed the Th2 inflammation in both the lung and the liver as well as the severity of pulmonary vascular remodeling, suggesting that VEGF signaling plays a proremodeling role in this model of the human disease.
METHODS

Animals
Wild-type C57Bl6/J mice were purchased from Taconic (Hudson, NY). All mice were housed under specific pathogenfree conditions in an American Association for the Accreditation of Laboratory Animal Care-approved facility. All experimental procedures in rodents were approved by the Animal Care and Use Committee. Data analyses were performed with coded experimental groups until reporting of the final data.
Treatments
Schistosoma mansoni eggs were obtained from homogenized and purified livers of Swiss-Webster mice infected with S. mansoni cercariae, provided by the Biomedical Research Institute (Rockville, MD). Experimental mice were intraperitoneally and intravenously challenged with S. mansoni eggs at the time points indicated in Figure 1 , at a dose of 240 eggs/g body weight per administration. For cercarial infection, resulting in liver disease, 100 cercariae/mouse (collected from infected Biomphalaria glabrata snails) were placed in a vial, in which the mouse's tail was suspended for 30 minutes. SU5416 (Tocris Bioscience, Ellisville, MO) was reconstituted in dimethyl sulfoxide (DMSO), diluted into a working volume in carboxymethylcellulose (CMC), and administered at a dose of 20 mg/kg body weight, or the equivalent volume of DMSO/CMC alone, injected subcutaneously once weekly at the time points in Figures 1 and 7 . Fasudil (LC Laboratories, Woburn, MA) was reconstituted in phosphate-buffered saline and administered intravenously at a dose of 30 mg/kg body weight during right ventricular catheterization after a stable pressure-volume loop was obtained; posttreatment pressures were recorded 5 minutes after fasudil administration.
Assessment of PH
Measurement of the right ventricular pressure was performed as previously described. 22 Briefly, the mice were anesthetized with ketamine/xylazine and ventilated through Figure 1 . Schematic representation of the animal protocols used for Schistosoma ova (Schisto), SU5416 (SU), and carboxymethylcellulose (CMC) administration. SU5416 (20 mg/kg body weight) or CMC was administered subcutaneously weekly at the time points indicated. Schistosoma-exposed mice were intraperitoneally (IP) injected with eggs at a dose of 240 eggs/g body weight, followed 2 weeks later by intravenous (IV ) injection of Schistosoma mansoni eggs at a dose of 240 eggs/g body weight. Hemodynamic measurements and tissue collection were performed on day 28. RV Cath: right ventricular catheterization. a transtracheal catheter. The abdominal and thoracic cavities were opened, and a 1-Fr pressure-volume catheter (Millar PVR-1035, Millar Instruments, Houston, TX) was placed through the right ventricle apex to transduce the pressure.
The blood was flushed out of the lungs, the right bronchus was sutured, and 2% agarose was instilled into the left lung through the transtracheal catheter. The left lung was removed, formalin fixed, and processed for paraffin embedding. The right lung was removed and divided into lobes, which were frozen. The right ventricle free wall was dissected from the heart and weighed relative to the septum and left ventricle (the Fulton index).
Histology and immunostaining
Lung and liver tissue was formalin fixed, paraffin embedded, and then sectioned and H&E (hematoxylin and eosin) stained. Immunostaining for α-smooth muscle actin (media), thrombomodulin (intima), TUNEL (terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling; apoptosis), proliferating cell nuclear antigen (PCNA; proliferation), IL-4, and IL-13 was performed with the reagents listed in Table 1 .
Protein assessment
A sample of the frozen right lung tissue was macerated and sonicated in radioimmunoprecipitation assay buffer (RIPA; Sigma R0278) containing antiproteases and antiphosphatases (Calbiochem 539131 and 524625, respectively), and protein concentration was determined by Bradford assay (BioRad 500-0006). The amount of protein was quantified by enzyme-linked immunosorbent assay (ELISA), using kits (IL-4: R&D Systems M4000B; IL-13: R&D Systems M1300CB; guanosine triphosphate [GTP]-RhoA: Cytoskeleton BK124), and normalized by total protein concentration.
Image analysis
Quantification of media and intima thickness in mouse lung tissue was determined as previously described. 13 Briefly, 10-15 images of vessels at 40× magnification were randomly acquired from masked paraffin-embedded samples stained for α-smooth muscle actin and thrombomodulin as described above. Image-processing software (Image Pro Plus, ver. 4.5.1, Media Cybernetics, Bethesda, MD) was used to identify the cross-sectional areas contained by the external perimeter of the media, the internal perimeter of the media, and the internal perimeter of the intima. The radius r i for each of the three vessel layers i enclosing an area A i was calculated with the equation r i ¼ (|A i /π|) 1/2 . The thicknesses of the media and intima were calculated as the differences between the respective radii and expressed as fractions of the external media radius. Periegg granuloma volumes were measured with the optical rotator sterologic method. 23 Briefly, paraffinembedded tissue was H&E stained, and 8-10 images of granulomas with a single visible ovum were acquired from each sample. The rotator method for object volume estimation was then applied with the ovum as the central reference point in the image-processing software (Image Pro Plus).
Statistics
The statistical analyses were performed in SigmaStat, version 2.03 (IBM, Armonk, NY). Data are presented as mean AE standard error. Differences between two groups were assessed with Student's t test or the rank-sum test (for nonnormally distributed data). For comparison of three or more groups, analysis of variance or the Kruskal-Wallis test (for nonnormally distributed data) was used, followed by the Tukey post hoc test. In one instance, Grubb's test was used to identify an outlier (P < 0.05) and remove this point from statistical analysis; this point was in the non-Schistosoma-exposed, SU5416-treated group of the GTP-RhoA ELISA (Fig. 6A ). All P values below 0.05 were considered to be statistically significant.
RESULTS
PH and pulmonary vascular remodeling were induced in mice with sequential challenge by intraperitoneal and intravenous Schistosoma eggs, which recapitulate the pulmonary effects of the natural infection. [13] [14] [15] Mice were ex- posed to four treatment strategies; we opted to precede Schistosoma egg challenge with VEGFR blockade to block a potential role for VEGF in triggering or contributing to the induced Th2 response (Fig. 1) . The two groups intraperitoneally/intravenously exposed to Schistosoma eggs developed a significant increase in right ventricle systolic pressure (RVSP) when compared to control mice ( Fig. 2A) . Concurrent treatment with the VEGFR/tyrosine kinase inhibitor SU5416 (SU) did not significantly alter the RVSP, compared to Schistosoma exposure with CMC treatment. Mice treated with SU alone did not have a significant increase in RVSP but did develop significant right ventricle hypertrophy (Fig. 2B) . Schistosoma exposure alone did not cause significant right ventricle hypertrophy, likely because of the relatively short experimental protocol (1 week after intravenous egg augmentation).
Histologic examination of the pulmonary vasculature by H&E staining revealed pulmonary arterial remodeling, characterized by medial thickening and adventitial inflammatory cell infiltrates, in the lungs of Schistosoma-exposed mice (Fig. 3A ). The degree of medial thickening and the number of perivascular inflammatory cells were attenuated in Schistosoma-exposed mice that were concurrently treated with SU. To further characterize the vascular remodeling, immunostaining for α-smooth muscle actin (to localize the media) and thrombomodulin (to localize the intima) was performed (Fig. 3B) . Quantification of the media and intima thickness revealed that both Schistosoma- . Interleukin (IL)-4 and IL-13 protein levels are increased in the lungs of Schistosoma (Schisto)-exposed mice and partially attenuated by concurrent SU5416 (SU) administration. A, Quantification of IL-4 protein levels, as measured by enzyme-linked immunosorbent assay (ELISA). n ¼ 4 animals/group; ANOVA: P ¼ 0.014; a single asterisk indicates P < 0.05 and a double asterisk P < 0.01 by post hoc Tukey test. B, Immunostain for IL-4 on representative lung sections from mice exposed to carboxymethylcellulose (CMC) or SU, with or without concurrent Schistosoma exposure (arrowheads: positively stained cells; asterisk: vessel lumen; scale bars: 50 μm). C, IL-13 protein levels, as measured by ELISA. n ¼ 4 animals/group; ANOVA P < 0.001; 3 asterisks indicate P < 0.005 by post hoc Tukey test. D, Immunostain for IL-13 on representative lung sections from mice exposed to CMC or SU, with or without concurrent Schistosoma exposure (arrowheads: positively stained cells; asterisk: vessel lumen; scale bars: 100 μm). exposed groups developed significant medial thickening, compared to mice not exposed to Schistosoma (Fig. 3C) , and that concurrent treatment with SU significantly suppressed the medial thickening provoked by Schistosoma exposure. There were no significant differences in intimal thickness between any of the groups, although there was a trend toward increased intimal thickness with Schistosoma exposure (P ¼ 0.062; Fig. 3D ).
We next assessed the levels of the Th2 inflammatory cytokines IL-4 and IL-13 in whole-lung protein lysates (Fig. 4) . The levels of both IL-4 and IL-13 were significantly increased by Schistosoma exposure, and there were trends toward decreases in these cytokines with concurrent SU treatment, consistent with a contributing role of VEGF in the Th2 cytokine profiles in this model (post hoc Tukey tests: P ¼ 0.13 for IL-4, P ¼ 0.06 for IL-13). The use of whole-lung lysate cytokine levels likely decreased the sensitivity of our analyses. Immunostaining for IL-4 and IL-13 demonstrated an increase in adventitial cells positively staining for both cytokines after Schistosoma expo- Figure 5 . Adventitial cellular proliferation is increased in the lungs of Schistosoma (Schisto)-exposed mice and attenuated by concurrent SU5416 (SU) administration. Immunofluorescence staining for proliferating cell nuclear antigen (PCNA; green; arrowheads: PCNA-positive cells in the adventitia) and DAPI (4′,6-diamidino-2-phenylindole; blue; asterisk: vessel lumen). Scale bars: 100 μm. CMC: carboxymethylcellulose. sure. With concurrent SU treatment, the density of the cells that stained positive for either IL-4 or IL-13 decreased. The inflammatory granuloma volumes in Schistosoma eggexposed mice were not significantly different between the groups receiving CMC or SU in addition to Schistosoma exposure (data not shown).
We also sought to characterize cellular proliferation and apoptosis in the vasculature by immunostaining for PCNA and TUNEL. Vascular cell proliferation was largely absent in the media or intima of pulmonary arteries in all of the groups (Fig. 5 ). However, mice exposed to S. mansoni eggs had an increase in the number of adventitial PCNA-positive cells, which was suppressed by concurrent SU treatment. Significant apoptosis, as indicated by TUNEL staining, was not observed in the pulmonary arteries or perivascular regions in any of the groups (data not shown).
There is evidence that human schistosomiasis-associated PAH involves both pulmonary vasoconstriction and vascular remodeling. 24 We sought to determine the degree of vasoconstriction after SU treatment with or without con-current Schistosoma egg exposure. We specifically interrogated the activity of the Rho kinase pathway, which we previously found to be a significant contributor in experimental PH induced by Schistosoma exposure 14 and has been implicated in pathologic vasoconstriction in other models of experimental PH. [25] [26] [27] We found a 2.6-fold increase (P ¼ 0.02) in the concentration of activated (GTP-bound) RhoA in whole-lung lysates of concurrently SU-treated and Schistosoma-exposed mice, compared to mice treated with SU alone (Fig. 6A) . Acute intravenous administration of fasudil, a Rho-associated coiled-coil containing protein kinase (ROCK) inhibitor, resulted in a minimal average decrease of 1.8 mmHg in the RVSP of mice treated with SU alone. However, fasudil administration in concurrently SU-treated and Schistosoma-exposed mice resulted in a significantly greater decrease in the RVSP, 4.0 mmHg (P < 0.05; Fig. 6B-6D ).
We also sought to assess the VEGF-dependent cytokine response in another organ (the liver) that is affected by Schistosoma infection. We infected mice with S. mansoni cercariae and concurrently treated with CMC or SU (Fig. 7A) , followed by quantification of IL-4 and IL-13 levels in whole-liver protein lysates. As in the lung, the levels of hepatic IL-4 and IL-13 were significantly increased by Schistosoma exposure (Fig. 7B, 7C ). There was a trend toward a decrease in hepatic IL-4 with concurrent SU treatment (post hoc Tukey test: P ¼ 0.07) but less so for IL-13 (nonparametric post hoc Dunn's test: P ¼ 0.20). The inflammatory liver granuloma volumes in Schistosoma cercariae-infected mice were not significantly different between the groups receiving CMC or SU in addition to Schistosoma exposure (data not shown).
DISCUSSION
In this study, we present evidence that VEGF signaling is involved in the development of Th2 inflammation and vascular remodeling in the lungs of mice provoked by sensitization and intravenous exposure to Schistosoma ova, as evidenced by a decrease in Th2 inflammatory cytokines, perivascular inflammation, and pulmonary arterial medial thickening with concurrent pharmacological blockade of the VEGFRs VEGFR1 and VEGFR2. Our findings are consistent with previous studies suggesting that VEGF is a positive regulator of inflammation in the lung. [7] [8] [9] We have previously shown that there are both bone marrowderived and locally proliferating cells in the vasculature of Schistosoma-exposed mice. 14 The mechanism by which VEGF upregulates pulmonary inflammation, and thereby promotes PH, in the mouse may be due to increasing inflammatory cell recruitment or localized proliferation, because SU treatment decreases adventitial inflammatory cell density after either Schistosoma or inhaled ovalbumin exposures. 7 We furthermore extended these studies by finding that VEGF is also a partial regulator of Th2 inflammation in the liver.
There have been conflicting reports regarding the role of VEGF signaling in experimental animal models of inflammation-driven pulmonary vascular disease. In the mouse, VEGF overexpression has been shown to promote Th2 inflammation, 7 which in turn can result in pulmonary vascular disease. 6, [16] [17] [18] [19] [20] Conversely, in the rat, VEGFR blockade has been shown to exacerbate pulmonary vascular disease due to antigen-induced Th2 inflammation, resulting in PH. 11 In the mouse, however, although antigeninduced Th2 inflammation in the lung suffices to cause pulmonary arterial muscularization, 6 VEGFR blockade does not exacerbate this phenotype, although when combined with hypoxia it may contribute to the development of PH, as it does in the rat. 12, 28 Numerous studies have documented additional differences between the pulmonary vascular responses of mice and rats (many of which are discussed in a recent review of mouse models of PAH 29 ), and it is far from clear whether any one model is more relevant to the human disease than any other model. For example, the severity of hypoxia-induced PH and vascular remodeling is significantly less in mice than in rats, 30 and hypoxia induces different gene expression patterns in the lungs of mice and in the lungs of rats. 31 The difference between our finding of protection from Th2-induced inflammation and vascular remodeling in mice with Schistosoma exposure and SU treatment, as compared to worsened disease with ovalbumin exposure and SU in the rat, 11 provides another example of species-specific differences in experimental models of PH. While the model phenotypes could also be explained by differences in the specific inflammatory stimuli (ovalbumin vs. Schistosoma ova), the fact that ovalbumin exposure also does not synergize with SU in the mouse 12 suggests that there are key differences between Th2-stimulated vascular disease in rats and that in mice. One potential factor may be the more extensive bronchiolar blood supply in rats compared to that in mice, providing a route of entry for immune cell populations. 32, 33 PH results from a combination of fixed vascular remodeling and vasoconstriction. We tested the role of Rhomediated vasoconstriction in Schistosoma-induced PH with concurrent SU treatment; Rho-mediated vasoconstriction has been shown to be implicated in pathologic vasoconstriction in Schistosoma-induced and other models of experimental PH and is an area of active clinical investiga- tion. 14, [25] [26] [27] 34, 35 VEGFR blockade alone did not result in significant ROCK-mediated vasoconstriction, while the levels of activated RhoA and ROCK-mediated vasoconstriction were increased with concurrent Schistosoma exposure. The decrease in RVSP induced by fasudil in the SU-Schistosoma group is comparable to the decrease in RVSP induced by fasudil we previously observed in Schistosomaalone mice (6.9 AE 3.4 mmHg). 14 Of note, some patients with Schistosoma-induced pulmonary vascular disease have a significant component of vasoconstriction. 24 In summary, we found that VEGF signaling is necessary for the immune-stimulated vascular remodeling induced by Schistosoma egg exposure in the mouse. Further studies are needed to clarify the role of VEGF and the potential therapeutic opportunity of blocking or augmenting VEGF signaling in patients with PAH in general and Schistosoma-induced PAH specifically.
